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We present quantum oscillations observed in the heavy fermion compound YbPtBi in magnetic 
helds far beyond its held-tuned, quantum critical point. Quantum oscillations are observed in 
magnetic helds as low as 60kOe at 60 mK and up to temperatures as high as 3K, which conhrms 
the very high quality of the samples as well as the small effective mass of conduction carriers far 
from the quantum critical point. Although the electronic specihc heat coefficient of YbPtBi reaches 
~ 7.4 J/mol in zero held, which is one of the highest effective mass value among heavy fermion 
systems, it is suppressed quickly by applied magnetic held. The quantum oscillations were used to 
extract the quasiparticle effective masses of the order of the bare electron mass, which is consistent 
with the behavior observed in specihc heat measurements. Such a small effective masses at high 
helds can be understood by considering the suppression of Kondo screening. 


I. INTRODUCTION 

Heavy fermion (HF) compounds have provided some of 
the clearest evidence for quantum phase transitions [1] . A 
large effective mass introduces a characteristic low energy 
scale that can easily be tuned by non-thermal control 
parameters, making HF systems desirable for studying 
quantum criticality. An antiferromagnetic (AFM) quan¬ 
tum critical point (QCP) has been explored in many HF 
systems HE]. However, a magnetic field-tuned QCP in 
Yb-based materials has been limited to only few cases, 
among stoichiometric compounds, in particular tetrago¬ 
nal YbRh2Si2 H and hexagonal YbAgGe Recently, 
the HF compound YbPtBi attracted attention because of 
a quantum phase transition driven by magnetic field H, 
in particular providing relatively easy access to the field- 
tuned QCP as well as the appearance of a new phase be¬ 
tween the ordered (AFM) state and paramagnetic Fermi 
liquid state. 

YbPtBi has face-centered cubic (F43m) structure and 
manifests AFM ordering below T/y = 0.4 K with an elec¬ 
tronic specific heat coefficient of 7 ~ 7.4 J/mol at zero 
field [6l [7| . Recent neutron scattering experiments char¬ 
acterized the averaged ordered moment of ^ 0.8 /rs/Yb 
with the AFM propagation vector r = (1/2, 1/2, 1/2) 
[5|. A field-tuned QCP is readily accessible by suppress¬ 
ing AFM ordering below = 0.4 K by application of 
external magnetic field of iJc ~ 4 kOe [Bj. The temper¬ 
ature dependence of the resistivity indicates a recovery 
of the Fermi liquid (FL) state for H* > 7.8 kOe. In ad¬ 
dition, of particular interest in YbPtBi is the fact that 
a new phase appears in the proximity of the QCP. In 
this new phase, strange metallic metallic behavior (non- 
Fermi liquid) manifests and separates the AFM state and 
FL regime. A crossover scale has been found in ther¬ 
modynamic and transport measurements |B], where the 
crossover line shows a tendency of converging toward to 
H* ^7.8 kOe in the zero temperature limit. A similar 
phase near QCP and the crossover line have been ob¬ 
served in YbAgGe H HO] and Ge-doped YbRh2Si2 m- 


Although many examples of QCP have been reported 
in HF materials HE], theoretical classifications have not 
been firmly established yet. Unlike the traditional pic¬ 
ture (e. g. for a spin density wave) of approaching a 
quantum criticality [Mil], where the heavy quasiparti¬ 
cles survive near the QCP, the unconventional way (local 
quantum criticality) to explain quantum phase transi¬ 
tion suggests a destruction of Kondo screening of the /- 
electrons UMII], involving Fermi surface reconstruction, 
where the heavy quasiparticles decompose into the con¬ 
duction sea and local magnetic moments. If the Fermi 
surfaces have different shapes or are completely recon¬ 
structed across the QCP, then a Lifshitz transition, asso¬ 
ciated with a reconstruction of the Fermi surface, must 
separate the two phases between ordered and disordered 
state. In general, because most of the HF compounds 
have multiple Fermi surfaces, it is difficult to probe such a 
Lifshitz transition at extremely low temperatures. Trans¬ 
port measurements can address this issue clearly for a 
system with a single band, however this may not be true 
for a multiband systems. In metallic systems, the inter¬ 
pretation of physical quantities requires careful consider¬ 
ation of the Fermi surface, especially at the QCP. 

In this paper, we report the determination of the high- 
held stabilized Fermi surfaces for YbPtBi inferred from 
quantum oscillations and band structure calculations. 
Until now, there was no direct experimental information 
about the size or shape of the Fermi surface in YbPtBi. 
By producing high quality single crystals, we are able 
to infer Fermi surfaces by detecting quantum oscillations 
down to 60 mK, but for only above ~ 60 kOe, in resis¬ 
tivity measurements. 

In principle, the Fermi surface can be studied by com¬ 
paring the quantum oscillation measurements with elec¬ 
tronic structure calculations. However, quantum oscilla¬ 
tion data in most HF compounds is likely to be incom¬ 
plete mainly due to the experimental difficulties. This is 
a standing problem in HF physics: in order to detect the 
heavier effective masses, higher magnetic helds and ex¬ 
tremely lower temperatures (order of ~ mK) are needed, 
however the mass enhancement can be suppressed due to 
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the application of these larger magnetic fields. Further, 
when there is a 4/ electron contribution to the Fermi vol¬ 
ume, band structure calculations can’t accurately predict 
the Fermi surface topology in detail and an estimate of 
the density of states. Therefore, in this study, we focused 
data analysis on the high field-paramagnetic regime and 
compared it to the band structure calculations in zero 
field for simple, trivalent Yb. We confirm the multi¬ 
band nature of this system, but are unable to identify 
the heavy Fermi surface. In addition, we compare our 
results to the family of i?PtBi, where quantum oscilla¬ 
tions have been observed for R = Y, La, Ce, and Nd 
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II. EXPERIMANTAL 

Single crystals of YbPtBi were grown out of a ternary 
melt with excess of Bi as has been described in earlier 
reports [22l[23]. Four-probe ac resistivity (/ = 16 Hz) 
measurements were performed in a Oxford dilution re¬ 
frigerator, where the samples were attached to the cold 
state using GE-varnish. Pt wires were used as leads and 
attached to the sample with Epotek H20E silver epoxy. 
The magnetic field (H) was applied along the [100] and 
[111] direction, and the electric current (I) across the 
sample was applied perpendicular to H: H T I. Details 
of experimental conditions are given in Ref. [6]. 

In order to compare the experimental observations of 
Shubnikov-de Haas frequencies to the topology of the 
Fermi surfaces, we calculated the zero field band struc¬ 
ture of paramagnetic, trivalent, YbPtBi. For the Fermi 
surface calculation, we have used a full-potential Linear 
Augmented Plane Wave (fp-LAPW) [21] method with 
a local density functional [2S]. The structure data was 
taken from reported experimental results [26] . To obtain 
the self consistent charge density we chose 1204 /c-points 
in the irreducible Brillouin zone and set Rmt ' K^ax 
to 9.0, where Rmt is the smallest muffin-tin radius and 
Kmax is the plane-wave cutoff. We used muffin-tin radii 
2.5 for all Yb, Bi, and Pt atoms. The calculation was 
iterated with 0.0001 electrons of charge and 0.01 mRy 
of total energy convergence criteria. Although there was 
a discussion about 4/ electron pinning at the Fermi en¬ 
ergy m and we were aware that Fermi surface is quite 
different under 4/ electrons influence [2H] we treated 4/ 
electrons as core-electrons since we were interested in the 
high magnetic field, paramagnetic state. To obtain SdH 
frequencies we calculated 2-dimensional Fermi surfaces 
and integrated the Fermi surface area. We chose planes 
which were perpendicular to fcz-axis and had 0.01 (27r/a) 
interval. Each plane (-1 < kx , ky < 1) was divided with 
100x100 mesh. Eor a 3-dimensional Fermi surface, we 
used 2300 /c-points in the irreducible Brillounin zone and 
a XcrysDen graphic program |29) . 



FIG. 1: Magnetoresistance (MR), plotted as [p{H) — 
p(0)]/p(0) vs. H, of YbPtBi at r = 0.1 K along H|| [100] 
and H || [111]. At high magnetic helds qnantum oscillations 
are discernible for both cnrves. 


III. RESULT 

Shubnikov-de Haas (SdH) quantum oscillations have 
been observed throughout the magnetoresistance (MR) 
measurements at low temperatures and high magnetic 
fields. Figure[^shows the MR at T = 0.1 K for magnetic 
field applied along [100] and [111] directions. At high 
magnetic fields a broad local extrema in MR is observed 
for both magnetic field directions. This behavior may be 
due to the change of scattering processes with CEF lev¬ 
els, or it may be the oscillatory component correspond¬ 
ing to extremely small Fermi surface area in which the 
extremely small frequency has been observed for NdPtBi 
[2T] in the paramagnetic state. For YbPtBi though this is 
not likely to be the case because the frequency is so small 
that it would have an amplitude that would make it hard 
to observe in SdH measurements. What is unambiguous 
are the clear quantum oscillations at high magnetic fields. 

In Figs, [^(a) and (c) typical SdH data sets for YbPtBi, 
after subtracting the background contributions, are dis¬ 
played as a function of 1/H at selected temperatures. 
The amplitude of the oscillations decreases as tempera¬ 
ture increases. Since the signals are comprised of a su¬ 
perposition of several oscillatory components, the data 
are most easily visualized by using a fast Fourier trans¬ 
form (FFT) as shown in Figs. (b) for H j| [100] and[^ 
(d) for H j| [111]. The FFT spectra at T = 0.06K show 
several frequencies, including, in the case of H j| [100], 
second harmonics with very small amplitudes. The ob¬ 
served frequencies are summarized in Table |l] 

Quantum oscillations are observed in magnetic fields as 
low as 60kOe at the lowest temperature measured and 
at temperatures as high as 3 K, which further confirms 
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FIG. 2: SdH of YbPtBi at T = 0.06, 1, and 2K, plotted after subtracting the background MR, for (a) H |j [100] and (c) 
H II [111]. FFT spectra of SdH data at T = 0.06, 1, and 2K for (b) H || [100] and (d) H || [111]. 

from m*(a) ~ 1.41 mg to ~ 0.49me, where me 

is the bare electron mass. The inferred effective masses 
are summarized in Table HI We were not able to estimate 
the effective masses, associated with the second harmonic 
frequencies due to the small amplitude of the signals. Al¬ 
though the frequency is integer-multiple of ~ 2 ^, 
it does not appear to be a higher harmonic of ^ because 
of the inconsistent effective masses. In addition, if these 
frequencies are originating from the same extremal orbit, 
the phase difference between two frequencies can not be 
explained; the oscillation curves are generated by L-K 
formula with the phase term, Ai -|- 7 r/ 1 . 95 ) -I- 

A 2 sin(27r^i/i/ — 7 r/ 7 . 7 ), as shown in Fig. (c). There¬ 
fore, really appears to be an independent frequency, 
coming from different extremal orbit. The frequency of 
the orbit 77 is almost twice of the frequency of the a, how¬ 
ever these orbits are also apparently coming from differ¬ 
ent Fermi surfaces. If the orbit 77 is the second harmon¬ 
ics of the a, the oscillation amplitude of the 77 should 
be smaller than that of a, but the amplitudes of these 
frequencies are almost the same. Therefore, the orbit 77 
is not a second harmonic of a. Note that the frequency, 
observed near 14MOe at 2K along Hjj [100], seems to 
split from one component into two component of 7 and 
77 with decreasing temperature, as indicated by up ar¬ 
row in Fig. (b). At present it is not clear whether 
two frequencies of 7 and 77 are originating from the same 
extremal orbit, thus it needs to be clarified by further 
detailed measurements. 


TABLE I: Frequencies / and effective masses m* obtained 
from the SdH oscillations, me is the bare electron mass. 




/ (MOe) 

m* /rrif. 

H II [100[ 

a 

7.27 

1.41 


p 

7.83 

1.59 


s 

13.06 

0.83 


7 

13.99 

0.80 


V 

14.37 

0.97 


2/3 

15.67 



25 

26.13 



27 

27.99 



27? 

28.74 


H|| [111] 

C 

8.95 

1.22 


6 

17.90 

0.49 


the very high quality of the samples as well as the rela¬ 
tively small effective masses of the associated conduction 
electrons. The frequencies in FFT spectra do not shift 
with temperature and most of the first harmonics of the 
frequencies are clearly observed as high as 2 K. 

The oscillation amplitudes and the fit curves using 
the temperature reduction factor are plotted in Figs. 

(a) and (b). The cyclotron effective masses, m*, of the 
carriers from the various orbits were determined by fit¬ 
ting the temperature-dependent amplitude of the oscil¬ 
lations to the Lifshitz-Kosevich (L-K) formula [3D] for 
each frequency. The calculated effective masses range 







































4 



FIG. 3: (a) and (b) Temperature dependence of the SdH am¬ 
plitudes. Solid lines represent the fit curves to the Lifshitz- 
Kosevich (L-K) formula. All data and fit curves are nor¬ 
malized to 1, indicated by horizontal arrows, and shifted for 
clarity, (c) Resistivity along H || [111] at T = 0.06 and IK, 
plotted as a function of 1/4/ after subtracting the background 
MR, where the solid lines represent the fit curves based on the 
L-K formula with the frequency ^ and ^i. 


IV. DISCUSSION 


The low carrier density for YbPtBi, determined from 
Hall coefficient measurements [6], implies a Fermi sur¬ 
face occupying a small portion of the Brillouin zone, 
which is consistent with the results of our analysis of 
the quantum oscillations. The frequency of the quantum 
oscillations is proportional to the extremal cross-section, 
Aps, of the Fermi surface; / = {h/2'Ke)AFs [SHI- In the 
high-held, paramagnetic region direct evidence for small 
Fermi surfaces comes from SdH measurements, where 
several small extremal orbits, implying a small portion 
of occupation of the Brillouin zone, are observed. Quan¬ 
tum oscillations have also been observed for LaPtBi and 
CePtBi [191 EQ] from the electrical resistivty measure¬ 
ments in pulsed magnetic helds up to 50 Tesla. The oscil¬ 
lation frequencies for LaPtBi are approximately 10 times 
smaller, 0.65 MOe for H|| [100] increasing to 0.95 MOe 
for Hjj [110], than for YbPtBi. In this family, SdH for 
YPtBi are observed up to 10 K with a frequency of 0.46 
MOe [iH]. Note that a single SdH oscillation with / = 
0.74 T was inferred from magnetoresistiance measure¬ 
ments in NdPtBi [21], where the observed frequency is 
two order of magnitude smaller than the frequencies ob¬ 
served for other compounds in this family. It is not clear 
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FIG. 4: (a) Band structure of nonmagnetic YbPtBi, calcu¬ 
lated for localized 4/ states, (b) Galculated Fermi surface in 
the fee Brillouin zone. Two three dimensional pockets (bands 
55 and 56), located in the zone center, are surrounded by six¬ 
teen cigar shaped pockets (bands 57 and 58). (c) Enlarged 
Fermi surface for band 55, 56, 57, and 58. 


whether the origin of the extraordinarily small frequency 
for NdPtBi is related to the broad local extrema observed 
in YbPtBi (Fig. [^. For CePtBi the anomalous temper¬ 
ature dependence of SdH frequency, / = 0.6 MOe, was 
observed along H j| [100] and a very low SdH frequency 
of ~ 0.2 MOe, which is independent of temperature, was 
found along Hjj [111]. In addition to the unusual tem¬ 
perature dependence of the SdH frequency for CePtBi, 
the disappearance of the oscillations was observed above 
about 25 T at which the magnetic field-induced band 
structure change was proposed pp] . 

Since the SdH frequencies for YbPtBi are not changed 
by temperature or magnetic field, within the tempera¬ 
ture and magnetic field range of our measurements, such 
a band structure modification is not expected. The band 
calculations for LaPtBi [3T] and CePtBi [TP], assuming 
localized 4/ states, were found to be semimetals. In these 
calculations, two hole-like Fermi surface sheets are found 
around zone center, which are similar to the measured 
angular dependence of the Fermi surface cross-section 
area of LaPtBi. A number of small electron-like pockets 
are also predicted in the band calculations. The effec¬ 
tive masses for both LaPtBi and CePtBi have been es¬ 
timated to be ~ 0.3 me [5n]i which is somewhat smaller 
than for YbPtBi. The observed trend of SdH frequencies 
suggested larger Fermi surface sheets for YbPtBi than 
LaPtBi, and these are consistent with earlier resistivity 
results of /?PtBi [PP], where the resistivity varied from 
metallic (semimetallic) to small gap semiconductor when 
rare-earth changes from Lu to Nd [22]; p{T) of LuPtBi de¬ 
creases and p{T) of NdPtBi increases as temperature de¬ 
creases. The carrier density for LuPtBi is approximately 
two order of magnitude bigger than that for LaPtBi [^. 
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The results of band structure calculations are shown 
in Fig. |^(a). The overall features are very similar to the 
results of LaPtBi, however with a larger Fermi surface 
occupation of the Brillouin zone. Around zone center 
two hole-like Fermi surface (band 55 and 56) are sur¬ 
rounded by sixteen small electron-like pockets (band 57 
and 58). These calculated Fermi surfaces of YbPtBi are 
plotted in Fig. (b) and (c). The SdH frequencies of 
these four bands are calculated to be 2.4, 3.5, 0.79, and 
0.65 MOe from the maximum area perpendicular to the 
kz, where there are orbits very close to 2.4 and 3.5 MOe 
due to the 3-dimensional shape of the Fermi surfaces at 
the zone center. These values are much larger than the 
predicted value for LaPtBi and CePtBi [HI |20] , however 
four times smaller than the frequencies determined from 
our experimental results. 

The Fermi surfaces of YbPtBi are highly sensitive to 
the 4/ electron contributions as predicted in Ref. [55]. 
When the 4/ electrons are included in the band calcu¬ 
lations, the six hole-like pockets are located zone center 
in which the predicted frequencies range from ~ 27 to ^ 
164 MOe [3S], which is much higher than the experimen¬ 
tal observations. So treating 4/ electrons as included in 
core levels appears to be reasonable. If the Fermi level is 
shifted to lower energy, the experimentally observed fre¬ 
quencies can be matched to the hole-like pockets at the 
zone center, whereas the electron-like pocket surround¬ 
ing the zone center will not be detected. As a conjecture, 
the effective masses and frequencies of the orbit a and /? 
along [100] direction, linked to the ^ along [111] direction, 
are almost the same, expected that these two orbits are 
came from the band 55. Similarly the orbits <5, 7 , and 
r], connected to the ^ 1 , all came from the 3-dimensional 
shape of the band 56. Without an angular dependence of 
the SdH measurements, the Fermi surface topology can 
not be determined unambiguously and further theoret¬ 
ical work is needed to unravel the discrepancies in the 
precise extremal orbit sizes. 

Since we have observed only small effective masses for 
YbPtBi, it is expected that the hybridization between 4/ 
and conduction electrons has been suppressed for these 
high magnetic fields. This is consistent with the specihc 
heat results; the enormous value of 7 ^ 7.4 J/mol-K^ 
for = 0 is suppressed to 7 ^ 0.15 J/mol-K^ for H 
= 50kOe and would extrapolate to ^ 0.030 J/mol-K^ 
at 140 kOe (using date from |5]). Note that if there are 
still significant 4/ electron contributions in this magnetic 
field range, up to 140 kOe, it would require much lower 
temperatures to observe heavy electrons in SdH mea¬ 
surements. This is a standing problem in HF physics, 
in order to detect the heavier effective masses, higher 
magnetic fields and very low temperatures are needed, 
however the mass enhancement can be suppressed due 
to the application of these larger magnetic fields. Thus, 
lower measurement temperatures and crystals with ex¬ 
tremely low scattering in terms of Dingle temperature 
are necessary to detect heavier effective mass of carri¬ 
ers. Measuring de Haas-van Alphen (dHvA) oscillations 


as a complementary to SdH oscillations may be another 
experimental approach since oscillation amplitudes have 
different dependence of m* in dHvA and SdH. However, 
this task can be challenging due to high paramagnetic 
background signal. 

V. SUMMARY 

In summary, we have presented Shubnikov-de Haas 
quantum oscillations detected in YbPtBi, which is the 
first report on quantum oscillations since the discovery 
of its heavy fermion behavior in 1991. The band struc¬ 
ture calculations for the Fermi surface are also presented, 
where treating 4/ electrons as included in core levels ap¬ 
pears to be important in high held regime far beyond the 
quantum critical point. Comparison is made between 
the high held oscillations and zero held band structure 
calculations, allowed us to infer Fermi surfaces only in 
the paramagnetic state. The current study clearly shows 
that i) small oscillation frequencies suggest a low car¬ 
rier density, consistent with Hall ehect measurements, 
ii) multiple oscillation frequencies imply a multiband na¬ 
ture, and iii) small effective masses at high helds indicate 
a suppression of Kondo screening, consistent with spe¬ 
cihc heat results. Although it was not possible to infer 
heavy fermion state, the current study may, in future, 
give useful information about the nature of the quantum 
criticality when the Fermi volume at low helds are avail¬ 
able. 
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